Abstract. We experimentally investigate the impact of pulse shape on the dynamics of laser-generated plasma in rare gases. Fast-rising triangular pulses with a slower decay lead to early ionization of the air and depose energy more efficiently than their temporally reversed counterparts. As a result, in both argon and krypton, the induced shockwave as well as the plasma luminescence are stronger. This is due to an earlier availability of free electrons to undergo inverse Bremsstrahlung on the pulse trailing edge. Our results illustrate the ability of adequately tailored pulse shapes to optimize the energy deposition in gas plasmas.
Introduction
Filamentation is a nonlinear propagation regime of high-power, ultrashort lasers [1, 2, 3] . It conveys a typical intensity of 5 × 10 13 W/cm 2 at 800 nm [4] over distances largely exceeding the Rayleigh length, sustained by a dynamic balance between self-focusing due to the Kerr effect, and defocusing by higher-order nonlinear effects, including ionization. Due to this ionization as well as absorption by the plasma and photodissociation of molecules from the air [5, 6, 7] , thermal energy is deposited in the wake of the laser beam. It induces a shockwave [8] and generates a depleted channel (or "density hole") [9] with a duration in the millisecond-range [10, 11, 12] . This channel can be used for various arXiv:1806.08994v1 [physics.optics] 23 Jun 2018 atmospheric applications [13] , to guide optical beams [11] , drill a transmitting channel through fog [14] , or trigger high-voltage discharges [15, 16, 17, 18] and lightning [19] .
Developing these applications however requires optimizing ionization and thermal effects in the filament. In this paper, we investigate the role of the pulse waveform in that regard. In the context of filamentation, pulse shaping [20] was shown to allow controling the filamentation onset position [21] , white-light and ionization yield [22] , or the deposition of molecular rotational energy [23] . Furthermore, temporal Airy pulses were used to optimize high-aspect ratio nanomachining [24] , or the poration of cell membranes [25] . Based on the shaping of extremely broadband (≥200 nm) fewcycle pulses, we investigate the influence of the pulse shape on the contributions of ionization and heating to energy deposition by ultrashort laser pulses. In particular, using asymmetric triangular shapes, we show that pulses with a sharp (few-cycle) intensity rise at their front lead to early ionization and depose energy more efficiently than slower-rising ones. Therefore, the energy deposition can be optimized by the choice of an adequate pulse shape.
Material and Methods

Experimental setup
The experimental setup ( Figure 1 ) uses a chirped-pulse amplification Ti:Sa laser chain delivering sub-40 fs pulses, of 0.4 to 1.4 mJ, centered at 807 nm, with a bandwidth of 46 nm, at a repetition rate of 1 kHz. The laser pumps two successive filamentation stages at atmospheric pressure in air, each one followed by a recompression stage based on a pair of chirped mirrors. This setup, described in detail by Hagemann et al. [26] , delivers pulses with a spectrum spanning from 450 to 1000 nm. It can be recompressed to 5 fs pulse duration (two optical cycles) with a 4-f zero-dispersion compressor with a dualmask liquid crystal modulator (640 pixels), that allows simultaneous and independent shaping of the phase and the amplitude of the laser field [26, 27] . We use this waveform synthetiser to produce asymmetric triangular pulses, with either a fast-rising ( Figure 2 ) or a fast-falling edge as short as 1-2 optical cycles (5 fs). The same waveform synthetizer is used to pre-compensate the dispersion of the pulse on its way to the target. The output pulses are characterized by a transient grating FROG [28, 29, 30] . At the shaper output, the pulse spectral width is reduced to 200 nm, covering the range from 700 to 900 nm.
The pulse is then launched into a gas cell ( Figure 1 ) filled with 9 bar of argon or krypton, where it is focused from its initial beam diameter of 0.9 cm at 1/e 2 , using an f = 300 mm off-axis gold parabolic mirror.
The gas ionization in the filaments, close to the focal point, is simultaneously characterized by two approaches. First, a fiber spectrometer (OceanOptics HR4000) collects the light emission on the side of the filaments with a resolution of 0.4 nm. Simultaneously, an electret microphone records the acoustic shockwave generated by the plasma. Indeed, the energy E p deposited by the laser pulse locally heats the gas, producing an acoustic shockwave [10, 11] that has been demonstrated to be representative of the free carrier density in the case of Fourier-limited pulses [8, 31] . The relative energy of the shockwave was estimated by calculating the standard deviation of the microphone signal over a time interval of 2 ms.
Numerical simulations
Numerical simulations of the plasma dynamics were performed by adapting an air plasma model [32] to rare gases. The free electron density N e evolves as:
where
R coll = αN e (3)
I L being the incident laser intensity, N At the density of neutral atoms, and U p the ionization potential. W (I L ) describes the multiphoton / tunnel ionization probability calculated with the Perelomov, Popov, Terentev (PPT) formula [33] . The terms explicited in Equations (3) to (5) account for collision [34] and avalanche ionization [35, 36] , and electron-ion recombination [15] , respectively. τ = 1/ν en = 1/ 10
is the inverse of the electron-neutral atom collision frequency. The evolution of the free electron temperature T e [37, 35] is governed by inverse Bremsstrahlung, Joule heating, energy exchanges with the atoms and ions (at temperature T g ), the excess energy U e in the ionization, losses of kinetic energy due to collision and avalanche ionization as well as impact excitation as measured by Petrov et al. [38] :
Here, µ e is the electron mobility [15] :
N Tot being the initial density of atoms, N 0 the atom density at 1 atm and
The kinetic temperature of the heavy species evolves as [35] 
where the collision rate of electrons on heavy species is the sum of their collisions with atoms and positive ions [35] : In the model, the laser pulses are described by their envelope intensity, so that coherent effects related to chirp and resonant intermediate levels in multiphoton ionization are not taken into account [39, 40, 41, 42] . Similarly, the nonlinear propagation of the ultrashort pulses is not considered, nor the spatial aspects, including transport as well as intensity and electron density gradients. In comparison between triangular and Gaussian pulses, the latter are dimensioned to feature the same pulse energy and peak intensity as the former. This leads to a duration of 16.4 fs FWHM for triangular pulses with 5 fs rise time and 30 fs fall time or vice-versa. 11]. As expected, it increases with increasing incident pulse energy. However it does not follow a power law as a multiphoton ionization process would predict. It even tends to start saturating above ∼30 µJ in Ar. This beginning saturation can mainly be attributed to the depletion of neutral atoms at high energy. The shockwave amplitude is 2-3 times higher for a triangular pulse with 5 fs rise time and 30 fs (dashed line), than its counterpart of the same duration but opposite fronts (30 fs rise, 5 fs fall, solid line). This asymmetric behavior is more marked in argon (Fig. 3a) than in krypton (Fig. 3b) . It is also observed for triangular pulses with a fast front of 5 fs and a slow front of 10 or 20 fs, in both argon and Krypton.
Results and discussion
Similarly, the optical plasma emission measured sideways in argon, which also depends on the plasma temperature, is more efficient in the case of a fast-rising pulse as compared to a slower-rising pulse of the same duration and energy (Fig. 4a) . Note that the plasma emission (Fig. 4b) is independent from the pulse shape, as the excitation is non-resonant.
In order to distinguish between the role of the pulse intensity profile and resonant effects related to the carrier-phase chirp, we investigated the effect of chirp on the energy deposition efficiency. More specifically, we used the waveform synthetizer to apply various chirps to a Gaussian pulse with 200 nm bandwidth, and measured the resulting energy deposition, in both argon and krypton. The curves are close to symmetric (Figure 5) , showing that pulses of same shape, similar durations and opposite chirps depose energy with a similar efficiency. This behaviour contrasts with the chirp-asymmetry of ionization observed in the context of higher-harmonic generation [39, 40, 41, 42] .
The effect of the pulse shape on the energy deposition can be understood by considering that the laser pulses depose energy in the gas by two processes. The first one, ionization, is highly nonlinear and mostly occurs at the intensity maximum, i.e. at the beginning of fast-rising pulses and at the end of slower-rising ones. The second energy deposition process, inverse Bremsstrahlung, is linear in intensity, and proportional to the free electron density. It therefore occurs only after the ionization, i.e., on the trailing edge of the pulse. It will therefore be more efficient on slower-decaying pulses, i.e., on fast-rising ones.
This two-step energy deposition also explains why the difference between the energy deposited by the fast-rising and slower-rising pulses is less pronounced in krypton (Figure 3b ) than in argon (Figure 3a) . Krypton has a lower ionization potential (14.00 eV, i.e. 9 photons at 780 nm) as compared to argon (15.76 eV, 10 photons). As a consequence, the ionization is slightly less nonlinear, so that the ionization efficiency depends less critically on the intensity. Ionization therefore occurs over a slightly longer time interval around the peak of the pulse, limiting the effect of the asymmetric pulse shape. This effect also explains the fact that the energy deposed in krypton depends less on the incident pulse duration than that in argon (see the broader curve in Figure 5 ). This interpretation is supported by our numerical simulations. As examplified in Figure 6 , multiphoton / tunnel ionization (Panel b) starts close to the intensity peak of the pulse (Panel a). The rise in electron density (panel (c) is followed shortly by inverse Bremsstrahlung heating (Panel d) of the electrons. The higher electron temperature (Panel e) allows avalanche ionization to switch on (Panel e) for the remaining duration of the pulse, further contributing the free electron density (Panel c). As a result, the sharp rising pulse releases more, hotter, free electrons, hence deposes substantially more energy (Panel g). The simulations reproduce well the asymmetry of the measured deposited energy as characterized via the shockwave overpressure, as well as its dependence on the input energy (Figure 3(c,d) ). Simultaneously, the simulated electron densities approach the initial density of the neutral gas atoms (N At = 2.5 × 10 25 m −3 ), confirming that the saturation of the signal in argon is mainly due to the depletion of the latter. It is remarkable that this fairly good agreement is obtained with simulations based on the pulse intensity shape only, without the need to consider the temporal phase within the pulse, nor the resonant processes in the atom ionization. This confirms that in our experiment, the energy deposition is indeed governed by the pulse shape rather than resonant processes. The observed effects are quite robust with regard to the pulse shape, and could be effective in perturbed conditions like the open atmosphere.
Its benefit is further demonstrated by comparing the energy deposition by a fastrising triangular pulse with a Gaussian one featuring the same peak intensity and pulse energy (16.4 fs FWHM). As shown in Figure 3(c,d) , the early ionization in the fast-rising triangular pulses maximizes the energy deposition. The dynamics detailed in Figure 6 confirms this description, showing in particular the later occurrence of Bremsstrahlung and avalanche ionization.
Conclusion
In conclusion, we highlight the impact of the pulse shape on the energy deposition by laser filaments in rare gases. Due to an earlier ionization within the pulse duration, fastrising pulses heats the plasma more efficiently, allowing avalanche ionization. This result demonstrates the relevance of pulse shaping with sharp profiles for optimizing remote ionization and energy deposition in filaments. It therefore provides an opportunity to control the plasma dynamics by adequate pulse shaping.
